O (for 2) in acetonitrile. Molecular structures of both complexes were determined and showed atypical modes of coordination. A significant observation was the remarkable flexibility of the macrocycle ligand that effectively accommodated the steric demands of metal cations and the packing forces and showed a unique mode of coordination. Spectroscopic (UV-vis and FTIR) and redox properties are discussed.
Introduction
This work is related to the current interest in searching for multimetallic complexes based on symmetric macrocycles, especially heterometallic ones. Rational design and synthesis of such compounds are not trivial, particularly with labile first-row transition metal ions like copper(II) [1] [2] [3] [4] [5] [6] . Self-assembly through metal-ligand interactions to prepare macrocyclic complexes with novel properties and structures has been used for years and continues to be a major subject in current coordination and synthetic inorganic chemistry [7] [8] [9] [10] [11] .
Symmetrical tetraiminodiphenolate Robson-type macrocyclic ligands, obtained by condensation of 2,6-diformyl-4-methylphenol and diamines, have been extensively investigated over the years and preparation usually is achieved by template and transmetallation reactions [12] [13] [14] . Conversely, their related heterodinuclear complexes appear in limited number in the literature [15] [16] [17] [18] .
Preparation of heteronuclear complexes can be difficult because labile metal ions may swap positions by an intramolecular mechanism and this metal scrambling leads to mixtures of products. Thermodynamics drives the process making it difficult to control metal ion composition at the molecular level.
The chemistry of molybdenum(VI) frequently is governed by the formation of polyoxoanions due to the combination of charge, radius, and vacant d-orbitals accessible for metal-oxygen bonding [19] . As a result of this Mo-O bonding, among the vast variety of compositions, a common structural feature of the polyoxometalates is that the metal ion is displaced towards the MoO polyhedral vertices forming the surface of the solid. An interesting property of polyoxometalates is that a whole range of metal-metal interactions is observed, from very strong to extremely weak. In each case, the cluster preserves the symmetry of its central oxygen polyhedron, which can be an octahedron, a tetrahedron, or an icosahedron [19, 20] . Interesting chemical properties like size, shape, charge, good solubility in polar and nonpolar solvents, electron and proton-transfer capabilities, high Brönsted acidity, and thermal stability guarantee a broad range of applications for polyoxometalates, as given in excellent reviews [21] [22] [23] .
Continuing our interest in the syntheses of metal complexes of the Robson family (Scheme 1) in this work we report on the preparation, molecular structure, and spectroscopic properties of two original copper and polyoxomolybdate compounds.
Materials and Methods
Reagent grade chemicals were used in this work. 
Instruments.
Bruker D8 VENTURE PHOTON 100 diffractometer operated using graphite monochromator and Mo-K radiation ( = 0.71073Å) was used for the X-ray structure analyses. The crystal structure was solved by direct methods with SHELXT2015 [26] . The final structure was refined with SHELXL2013 [26] with anisotropic displacement parameters for all nonhydrogen atoms; hydrogen atoms were refined isotropically as riding atoms at their theoretical ideal positions [27] . Drawings were made with Olex2 [28] . For compound 2, disordered solvent dmso molecules were observed and modeled properly. The dmso molecules were refined with split atomic positions of the molecule over two positions.
Infrared spectra were obtained with a FTS3500GX BioRad Excalibur series spectrophotometer in the region 4000-400 cm −1 in KBr pellets. UV-visible spectra in the range 190-900 nm were obtained on VARIAN Cary 100 spectrophotometer in the solid state by diffuse reflectance with a Labsphere integration sphere.
Cyclic voltammetry was carried out with IVIUM CompactStat potentiostat/galvanostat. A platinum disc electrode was employed for the measurements at I = 0.1 mol L −1 kept constant with TBAPF 6 (tetrabutylammonium hexafluorophosphate). A silver wire along with a platinum wire was used as semireference and auxiliary electrodes, respectively. Potentials are reported against ferrocenium/ferrocene (+0.400 V versus SHE) used as an internal reference. Typical experiments were conducted with a 3.0 × 10 −3 mol L −1 complex concentration in dimethylsulfoxide solutions at ambient temperature.
Microanalyses were performed with a Perkin Elmer CHN 2400 equipment.
Results and Discussion

Syntheses.
We started this project in an attempt to find a route to the synthesis of heterometallic macrocyclic complexes using our previous knowledge about the coordination chemistry of the tetraiminodiphenolate macrocyclic ligand, tidf 2− . It is well known that transmetalation reactions favor the formation of homometallic compounds, especially with symmetric ligands in the presence of labile first-row transition metal ions [1, [28] [29] [30] [31] [32] . We expected that the inertia of a second row and high charge transition metal ion such as Mo 6+ ion would be useful to design a rational method for the preparation of heterodinuclear complexes of the Robsontype family in nonaqueous media. Most of the polyoxometalates described in the literature were formed and studied in aqueous solution [22] . Thus, compounds 1 and 2 herein described were not anticipated and we predicted different products, explicitly the mononuclear [MoO 2 (tidf-H 2 )(ClO 4 ) 2 ] and heterodinuclear [CuMoO 2 (tidf)(ClO 4 ) 2 ] complexes. The elevated stability of the polyoxomolybdate anion together with the high lability and equally high thermodynamic affinity of copper(II) for the tidf 2− ligand created a different outcome for the synthesis. Figure 1 shows the infrared spectra of complexes 1 and 2. The bands (ones in parenthesis are for complex 2) at 1337 (1323), 1533 (1565), and 1656 (1635) [34] . Bands at 1107 (1112) cm −1 for complexes 1 and 2 were assigned to the S=O stretching, similar to other sulfoxides complexes [34, 35] . In addition, weak bands shown around 600 (625) and 554 (435) cm −1 observed in complex 2 were attributed to metal-nitrogen and metal-oxygen stretchings, respectively. Oxygen atoms acting as bridges between two or more metal ions increase the reduced mass of the vibrating fragment, thus decreasing the vibration frequency. Since complex 2 has several different metal-oxygen vibration modes close in energy, this region of the spectrum concentrates a large number of weak bands. 
Infrared Spectra.
Crystal
Complex 1 crystallized in the monoclinic system, P2 1 /n space group, and the asymmetric unit contains two crystallographically independent trinuclear molecules. Its molecular structure shows a singular mode of coordination of the macrocycle ligand tidf 2− , never seen before. The macrocycle is very much folded and binds two molybdenum cations via one nitrogen and one phenolate oxygen atoms. These two molybdenum ions complete their coordination sphere through bonding to four oxygen atoms, two terminals and two bridges (one 2 -and one 3 -) that connect them to a third metal ion, which is not bound to the macrocyclic ligand. This molybdenum ion is pentacoordinated in a distorted trigonal bipyramidal geometry, bonded to two terminal oxygen atoms and attached to the other metal cations through two 2 -and one 3 -oxygen bridges. This trinuclear cluster shows a metal-metal bond distance of 3.108Å. Dutta and coworkers observed a folded configuration of the tidf 2− ligand in the lead complex [Pb(H 2 tidf)] 2+ with a dihedral angle between the two phenyl rings as low as 69.3(5)
∘ [36] . In that case, however, the mode of coordination of the macrocycle is different than the one observed in here, with two imine and two phenolate bonding instances to a single metal ion.
Polyoxometalate anions can act as ligands and bind metal cations via terminal and bridging oxygen atoms. For instance, the heteropolymetalate [( Journal of Chemistry (Mo-Mo bond distance range). The self-assembly of complex 2 was carried out from the reaction between complex 1 and the hydrated Cu(ClO 4 ) 2 ⋅4H 2 O salt in acetonitrile, which is a solvent used as purchased and not dried. At this moment we do not have an unequivocal proof as to the nature of the reducing agent responsible for the reduction of Mo 6+ , but, considering that many of the polyoxometalates are indeed formed in aqueous solutions, the presence of water in the system most likely favored the Mo 6+ → Mo 4+ conversion.
Typical distorted octahedral and tetrahedral bond angles were seen for complex 2, such as O3-Mo1-O7 99.4
∘ and O10-Mo2-O9 109.8
∘ . The hexacoordination of each of the copper(II) ions is achieved through coordination to O16 and O17 from dmso molecules and experiences a typical tetragonal elongation of the axial bond lengths, evidenced by comparing Cu2-O2(equatorial) and Cu2-O16(axial-dmso) at 1.962(4)Å and 2.436(5)Å, respectively.
In general, bond distances and angles found here for the copper(II) molecule are comparable to those reported by Mandal et . Also, a very discreet shoulder can be seen (e.g., in complex 1) around 450-500 nm and it was attributed to a ligand-to-metal charge transfer transition. On the other hand cyclic voltammograms of 2 in dimethylsulfoxide exhibited a complex overlaid pattern of waves as seen in Figure 5 . [25] . The voltammograms also show one more reversible process just adjacent to the copper waves and slightly shifted to the anodic side of the potential range at E 1/2 = −0.80 V. This process was assigned to the one-electron Mo 4+ ↔ Mo 5+ oxidation. Lastly, the wave at pa = −0.33 V was attributed to the irreversible Mo 5+ → Mo 6+ oxidation.
Conclusion
Although polyoxomolybdates are known for many decades, their ability to act as ligands to metal cations continues to be revealed and new structural features emerge. From a practical perspective our results showed that the elevated thermodynamic stability of the polyoxomolybdate species frustrated our attempt to control the rational design of heteronuclear macrocyclic complexes. On the other hand, these results expanded our understanding of the coordination chemistry of this multifunctional and exceptionally flexible macrocyclic ligand, tidf 2− , as they revealed its great bonding capacity to fit the steric demands of diverse metal ions.
Following our interest in the preparation of heterometallic compounds based on macrocycle chemistry, we are now conducting chemical modifications on the tetraiminodiphenolate macrocyclic ligand tidf 2− , by adding fluorophore groups to it, and exploring the luminescence properties of its coordination compounds in an attempt to prepare new selective chemical sensors for transition metal ions.
